Unlike other organ anlagens, the primordial gonad is sexually bipotential in all animals. In mouse, the bipotential gonad differentiates into testis or ovary depending on the genetic sex (XY or XX) of the fetus. During gonad development cells segregate, depending on genetic sex, into distinct compartments: testis cords and interstitium form in XY gonad, and germ cell cysts and stroma in XX gonad. However, our knowledge of mechanisms governing gonadal sex differentiation remains very vague. Because it is known that adhesion molecules (CAMs) play a key role in organogenesis, we suspected that diversified expression of CAMs should also play a crucial role in gonad development. Using microarray analysis we identified 129 CAMs and factors regulating cell adhesion during sexual differentiation of mouse gonad. To identify genes expressed differentially in three cell lines in XY and XX gonads: i) supporting (Sertoli or follicular cells), ii) interstitial or stromal cells, and iii) germ cells, we used transgenic mice expressing EGFP reporter gene and FACS cell sorting. Although a large number of CAMs expressed ubiquitously, expression of certain genes was cell line-and genetic sex-specific. The sets of CAMs differentially expressed in supporting versus interstitial/stromal cells may be responsible for segregation of these two cell lines during gonadal development. There was also a significant difference in CAMs expression pattern between XY supporting (Sertoli) and XX supporting (follicular) cells but not between XY and XX germ cells. This indicates that differential CAMs expression pattern in the somatic cells but not in the germ line arbitrates structural organization of gonadal anlagen into testis or ovary.
Introduction
The testes and ovaries arise from common precursors -genital ridges that are the clusters of mixed cells of different types. The specific testicular or ovarian structures develop during fetal life in the process of sexual differentiation of the gonad. In this process cells within developing gonads segregate and group in sex specific manner. In differentiating testes the cells form solid, elongated testis cords separated by interstitial cells (Fig. 1A,B) . In differentiating ovaries the cells form germ cell cysts (that later break down into spherical follicles), which are embedded within the stromal cells. Thus, depending on the genetic sex, the bipotential gonad anlagen develop different cellular structures.
The earliest sign of gonad development is the transformation of coelomic monolayer epithelium into a cluster of somatic cells at the ventral surface of mesonephros. This process involves proliferation of coelomic epithelial cells and disintegration of the basement membrane in the sites of gonad formation. In the mouse fetus this process starts at 10.3 days post coitum (dpc) (Hu et al., 2013) . The multilayered cluster of coelomic-epithelium derived cells is invaded by immigrating primordial germ cells (PGCs) leading to the formation of genital ridges. Such genital ridges are still bipotential and morphologically indistinguishable between two sexes. In XY gonads, the expression of Sry gene between 10.5 and 12.5 dpc along with other sex-determining genes, such as Sox9, triggers a cascade of genes expression that orchestrates a series of structural changes leading to the formation of the testis (Koopman et al., 1991; Hacker et al., 1995; Kim et al., 2006 ; reviewed by Piprek, 2009a) . The first sign of testis differentiation is significant acceleration of somatic cell proliferation at the gonadal surface starting from 11.25 dpc (Schmahl et al., 2000; Schmahl and Capel, 2003) . Subsequently, Mechanisms of Development 147 (2017) 17-27 Fig. 1. Sexual differentiation of mouse gonads. A. Scheme of sexual differentiation of gonads in the mouse between 11.0 and 13.8 dpc. B. Histological sections through gonads during the sexual differentiation. At 11.0 dpc the gonads are sexually undifferentiated and the somatic (yellow arrow) and germ cells (pink arrow) are evenly mixed, distributed within the undifferentiated gonads. At 12.2 dpc a sexual differentiation is discernible; in the XY gonads, cell accumulation begins, and cord like structures emerge (germ cells enclosed by the preSertoli cells -green arrow); interstitium begins to be visible (blue arrow) as streams of cells between forming cords; basal laminae form around the cords (red arrowhead); whereas the cells in the XX gonads are still evenly distributed. At 13.8 dpc clear testis cords are visible in the XY gonads, whereas in XX only small groups of accumulating cells (ovarian cysts) are present, and stromal cells (blue arrow) locate between the cysts. Scale bar 20 μm.
proliferating cells from the gonad surface ingress inwards and give rise to two main somatic cell types: (i) SOX9-positive cells becoming preSertoli cells (XY supporting cells), and (ii) SOX9-negative cells becoming XY interstitial cells. After 11.4 dpc the ingressing cells give rise to the interstitium (Karl and Capel, 1998) . At 11.8 dpc the pre-Sertoli cells and interstitial cells segregate out of the common cell mass and pre-Sertoli cells assemble around the germ cells forming the testis cords (Nel-Themaat et al., 2009 ). The testis cords become surrounded by the basement membrane separating them from the interstitium. At 12.5 dpc the pre-Sertoli and the germ cells are organized into solid, elongated testis cords, which, at this point, clearly distinguish the male gonads form the ovaries (Karl and Capel, 1998) .
In the XX gonads, due to the absence of Sry gene expression, the female sex-determining genes, including Rspo1 and Wnt4, are up-regulated and take a control over the gonad development from 11.5 dpc onward (reviewed by Piprek, 2009b) . Starting from 13.5 dpc the coelomic epithelium-derived cells (pre-granulosa cells, also termed pre-follicular or XX supporting cells) enclose the germ cells to form the germ cell cysts. At 1-3 days post partum (dpp) the cysts undergo breakdown into ovarian follicles. Each follicle contains a single oocyte enclosed by a layer of granulosa cells (Pepling and Spradling, 2001) . In developing XX gonads, stromal cells are located between germ cell cysts. Ovarian stromal cells are the homologues of testicular interstitial cells.
Above description of gonad development shows that testicular vs. ovarian structure develop through cell segregation, assembly and separation into two main somatic compartments: (i) supporting cells enclosing groups of the germ cells (testis cords in XY, or germ cell cysts in XX gonads), (ii) interstitium/stroma (Fig. 1A,B) . Sexual differentiation of the gonads toward male testes or ovary involves different patterning of these somatic compartments. The mechanism that drives segregation of these compartments and sexual differentiation of the gonads remains unclear.
In 1988 the Nobel Prize Laureate Gerald Edelman predicted that morphogenesis depends on a special set of molecular regulatory mechanisms acting at the cell surface through a subset of cell surface molecules mediating cell adhesion (Edelman, 1988) . This shone the light on the importance of adhesion molecules (CAMs) in regulation of morphogenesis (Okada, 1996) . In differentiating gonads, different sets of CAMs at the surface of supporting, interstitial/stromal and germ cells are presumably responsible for specific sorting and assembly according to cell types, and thus for the establishment of gonad structure. Interestingly, dispersed somatic and germ cells isolated from rat testis re-aggregate and reconstitute the testis cords under in vitro conditions (Hadley et al., 1985) . Importantly, the cell adhesion molecules usually join in homotypic pairs ensuring the assembly of the same-type cells. Additionally, specific adhesion of cells to the extracellular matrix (ECM) is also important for establishment of the tissue structure.
In this study we hypothesized that the three types of cells in primordial gonad differently express CAMs, which in turn determines the fate of gonadal morphogenesis into testis or ovary. We also hypothesized that, in both sexes, the similarities in a set of CAMs on the supporting and germ cells may be responsible for the germ cells contacts with the supporting cells. Our knowledge of the role of cell adhesion in gonadal development is very limited and our study is the first global analysis of cell adhesion genes expression during gonad development in mouse.
In the mouse, there are about 220 known genes involved in cell adhesion. However, so far, the expression of only few of them, such as E-, N-and P-, VE-cadherin and PECAM1, has been studied in developing gonads (Bendel-Stenzel et al., 2000; Mackay et al., 1999; Wakayama et al., 2003) . We aimed to analyze for the first time the pattern and the level of expression of all known cell adhesion genes in the developing mouse gonads. To facilitate this goal we first divided all CAMs into 13 groups according to their function: tight junctions-related proteins, cadherins, protocadherins, unconventional cadherins, immunoglobin superfamily CAMs (IgSF CAMs), catenins and catenin-related factors, Notch signaling pathway, desmosome components, gap junction molecules, hemidesmosome components, focal adhesion molecules, integrins, syndecans. In order to identify cell adhesion molecules that are expressed specifically in supporting, interstitial/stromal and germ cells in XX and XY developing gonads we used transgenic mouse lines expressing EGFP reporter gene in these three cell lines. Owing to detailed histological analysis, we chose three appropriate developmental stages, at which we isolated gonads and sorted cells using FACS (Fig. 1) . Since cell gathering and segregation can be noticed as early as at 11.4 dpc, we decided to isolate gonads at 11.0 dpc (13 tail somites; TS13), i.e. when gonads were filled with mass of uniformly distributed somatic and germ cells. The second point was 12.2 dpc (TS24), when a clear separation of interstitium and supporting cells was seen in XY gonads. The third point was 13.8 dpc (TS34), when the testis cords were already formed, and first signs of cell grouping into cysts were present in XX gonads.
Materials and methods

Animals
This study had been approved by the 1st Local Commission for Ethics in Experiments on Animals. The animals were bred in the animal house in the Animal Facility at the Jagiellonian University (Krakow, Poland). Five transgenic mouse lines were used to isolate the supporting, interstitial/stromal and germ cells. In order to isolate the XX supporting (pre-follicular) cells at 11.0, 12.2 and 13.8 dpc, we used Sry-EGFP strain [Tg(Sry-EGFP)92Ei (Albrecht and Eicher, 2001) ] as previously described (Jameson et al., 2012) . In this strain, Sry promoter drives EGFP expression in supporting cells in both XX and XY gonads; because of the lack of the Sry open frame in Sry-EGFP transgene, the gonads in such transgenic XX mice develop into ovaries with the Sry-EGFP expression persisting in the precursors of XX supporting cells (Albrecht and Eicher, 2001 ). However, the Sry-EGFP expression, likewise endogenous Sry expression, ceases in XY supporting cell precursors after 11.5 dpc (Hacker et al., 1995) . Therefore, in XY individuals, Sry-EGFP was used to sort supporting cells (pre-Sertoli) only at 11.0 dpc.
In order to isolate XY supporting cells, XY interstitial/XX stromal, and both XY and XX germ cells, we used ROSA-EGFP [Gt(ROSA)26Sor-tm1.1(CAG-EGFP)Fsh /Mmjax (Sousa et al., 2009 )] strain crossed with three strains carrying Cre gene under control of Sox9, Mafb or Oct4 promoters. SOX9 is a marker of differentiating Sertoli cells starting from its strong up-regulation at 11.5 dpc in XY gonads (Sekido et al., 2004) . Cre recombinase expression under control of Sox9 promoter in a strain Sox9-Cre [Tg(Sox9-cre/ERT2)1Msan/J (Kopp et al., 2011) ] led to deletion of STOP codon in EGFP gene and to release of EGFP expression in pre-Sertoli cells starting from 11.5 dpc. MAFB is a marker of interstitial cells differentiating in the developing mouse gonads (DeFalco et al., 2011) ; Mafb-Cre [Tg(Mafb-cre/ERT2)#Fmr (Di Meglio et al., 2013) ] crossed with ROSA-EGFP resulted in EGFP expression in interstitial/stromal cells at 11.0, 12.2 and 13.8 dpc. Oct4 expression is a marker of germ cells in the fetal mouse gonads (Schöler et al., 1990) , and thus Oct4-Cre [B6(SJL)-Pou5f1 tm1.1(cre/Esr1⁎)Yseg /J (Greder et al., 2012) ] crossed with ROSA-EGFP led to the expression of EGFP in germ cells at 11.0, 12.2 and 13.8 dpc.
Gonad and RNA isolation, microarray analysis
Timed mating was performed by placing a male with 2 females for a night. In the morning, females were checked for the presence of the vaginal plug, which was assessed as 0.5 days post coitum (dpc). Females were euthanized by spinal dislocation at 11.0, 12.2, and 13.8 dpc. Tail somites were counted in order to accurately determine stages of development. The gonads of fetuses were dissected free of mesonephros and the sex of embryos was genotyped using primers to detect Sly (Y chromosome) and Xlr (X chromosome) (McFarlane et al., 2013) .
Gonads from the mouse fetuses were pooled accordingly to the sex and developmental stage. The gonads were incubated in 250 μl 0.25% Trypsin-EDTA (Sigma, #T4049) at 37°C for 5-10 min as previously described (Jameson et al., 2012) . After tissue dissociation, the enzyme solution was replaced with 400 μl PBS. Cells were centrifuged for 10 min at 10,000 rpm, after which the cell pellet was resuspended in PBS with Hoechst dye and incubated for 15 min. Then cells were centrifuged for 10 min at 10,000 rpm and resuspended in PBS. For cell sorting A MoFlo XDP cytofluorimeter with a sorter (Beckman Coulter) was used. Cells were sorted depending on Hoechst fluorescence and GFP signal. The cells were collected into lysis buffer (DNA/RNA Shield, Zymo Research #R1100). About 100,000 cells were isolated from one sample. Pooled gonads from 5 fetuses were used for each time point and experiments were repeated three times. Total RNA was isolated using Trizol as described above and further purified with RNeasy Mini kit per manufacturer's instructions (Qiagen, Valencia, CA). The total RNA eluded with RNase-free water was quantified with NanoDrop 2000 and afterwards RIN (RNA Integrity Number) was assessed using Bioanalyzer 2100. All specimens used in the study had RIN above 8.
200 ng total RNA was used for microarray analysis. Total RNA was reverse transcribed and cDNA was labeled with biotin according to the Affymetrix (Santa Clara, CA) GeneChip Whole Transcript (WT) Sense Target Labelling Assay protocol. cDNA was hybridized to genomewide murine Gene Level 1.0 ST GeneChips (Affymetrix, 902, 465) . Chips were hybridized overnight with 5 μg biotin-labeled cDNA. Chips were scanned using GeneChip scanner 3000 7G (Affymetrix). In total, 54 arrays were run. The readings were processed via Affymetrix Expression Console software to obtain raw.cel files. Data were normalized using the robust multi-array average (RMA) algorithm implemented in the Expression File Creator module from the GenePattern software (Broad Institute) (Mingueneau et al., 2012; Reich et al., 2006) . The raw data were transformed into log base 2 and intensity value was described using a scale from 0 to 12. Normalized expression values under 6 were described as vestigial, 7-12 as strong. The threshold change of two units in this scale was considered an increase or decrease in the expression level of the given gene. Table S1 shows expression level of analyzed CAMs in the XX and XY cell lines.
In order to assess the purity of isolated cells, we checked the level of expression of markers specific for XY supporting cells (Amh, Dhh), XX supporting cells (Rspo1, Fst), interstitial/stromal cells (Inhba, Cyp11a1), or germ cells (Nanos2, Stra8) (Fig. S1 ).
Real-time quantitative PCR
Data obtained by microarray analysis were confirmed by real-time quantitative PCR (qPCR) of 8 chosen genes (Fig. S1 ). Multigene qPCR analysis was performed on total RNA isolated from supporting, interstitial/stromal and germ cells isolated from XY and XX gonads at 11.0, 12.2 and 13.8 dpc. 50 ng RNA of each sample was reverse-transcribed into cDNA using random primers and SuperScript III Reverse Transcriptase (Invitrogen, 18,080,044) following manufacturer's instructions. A list of primers is presented in Table S2 . The qPCR procedure was performed in 5 μl reactions using SYBR Green Master Mix (Life Technologies, 4,312,704) on a 7500 Fast Real-Time PCR System (Applied Biosystems) with universal cycling parameters and analyzed as previously described (Svingen et al., 2009) . Actb was used as a reference gene. Data were collected as raw CT values and analyzed using the 2 − ΔΔCT method. Statistical analysis was performed using the nonparametric ANOVA Kruskal-Wallis test, Tukey's test and Statistica 7.0 software.
Immunofluorescence
In order to assess the purity of FACS sorted cells, isolated cells suspended in PBS were fixed in 4% paraformaldehyde, centrifuged and smeared on slides. Samples were permeabilized with 0.1% Triton X-100, blocked with 10% goat serum (Sigma, G9023) in PBS, incubated with mouse monoclonal anti-GFP antibodies at 4°C overnight (1:400; ThermoFisher, A-11120), and then with goat anti-mouse antibodies conjugated with AlexaFluor 488 for 1 h (1 μg/ml; ThermoFisher, A32723). Cells were counterstained with DAPI (1 μg/ml; Sigma, D9542) for 10 min. Samples were mounted with ProLong Diamond Antifade Mountant (ThermoFisher, P36965) and viewed under confocal microscope Zeiss 510 META. Sorted cells are shown in Fig. S2 , and percentage of EGFP-positive cells is shown in Table S3 .
Immunohistochemistry
Gonads were fixed in Bouin's solution, dehydrated and embedded in paraffin (Paraplast, Sigma, P3683). 4 μm sections were deparaffinized, rehydrated and heat-induced epitope retrieval was performed in sodium citrate buffer (10 mM sodium citrate, 0.05% Tween-20, pH 6) at 95°C for 20 min. Then sections were blocked with 3% H 2 O 2 and 10% goat serum (Sigma, G9023). Sections were incubated with primary antibodies [rabbit polyclonal anti-protocadherin 18 (Novus Biologicals, NBP1-81400), tensin 3 (Abcam, ab178554), desmoplakin (Biobryt, orb373659), claudin 12 (Biobryt, orb156383)] for 15 min at RT (concentration 1:100), and with UltraVision Quanto Detection System (ThermoFisher, TL-125-QHD). Mayer's hematoxylin was used as a counterstain. Sections were viewed under Nikon Eclipse E600 microscope.
Histology
In order to detect appropriate stages for gene expression analysis, we performed detailed histological imagining of gonads dissected from mouse embryos obtained from 10.5 to 14.5 dpc. Gonads were fixed in Bouin's solution, dehydrated and embedded in paraffin (Paraplast, Sigma, P3683). 4 μm sections were deparaffinized, rehydrated and stained with Debreuill trichrome (Kiernan, 1990) . Sections were viewed under Nikon Eclipse E600 microscope.
Results
We successfully managed to trigger the expression of reporter gene EGFP in a supporting, interstitial/stromal and germ cells. The purity of isolated cells was confirmed by analysis of the expression of 9 marker genes (Fig. S1) . Additionally, qPCR analysis of these 8 genes expression confirmed results of microarray analysis. The purity of isolated cells, which was the obvious necessary condition to carry out the analysis, was confirmed by immunofluorescence (Fig. S2) . We also studied immunolocalization of 4 chosen proteins (protocadherin 18, tensin 3, desmoplakin, and claudin 12) whose transcripts were upregulated in a sexspecific manner (Fig. 2) . Protocadherin 18 and tensin 3 were upregulated in the differentiating ovaries, while desmoplakin and claudin 12 in testes following the pattern of their respective mRNAs expression.
In supporting, interstitial/stromal and germ cells of developing XX and XY mouse gonads between 11.0 and 13.8 dpc we detected the expression of 129 genes (among known 220 cell adhesion genes) involved in cell adhesion. Table S1 shows the level of expression of each of 129 cell adhesion genes in three analyzed cell lines in both sexes. The expression of 45 genes was vestigial (normalized expression value under 6; marked with dots). The 85 adhesion genes were expressed at high level (normalized expression value above 7) in at least one cell line. Among these genes, the XY gonad highly expressed 83 genes and XX gonad 68 genes (Fig. 3, Tables 1, 2 , and S1). Tables 1 and 2 show strongly expressed genes grouped accordingly to the sex and cell lines. Majority of cell adhesion genes were expressed ubiquitously in all three analyzed cell lines (Tables 1, 2 , and Fig. 3 ). The expression of some genes was highly specific for a given cell line, or two different cell lines (Tables 1,  2 , and Fig. 3 ).
Interstitial and stromal cells (counterparts in XY and XX gonads respectively) had the largest number of genes expressed in cell line-specific manner. Out of 83 genes highly expressed in XY gonads 15 genes were specifically expressed in XY interstitial cells, and out of 68 genes highly expressed in XX gonads 12 genes were expressed in XX stromal cells; (Tables 1, 2 , and Fig. 3 ). In contrast, the XX supporting cells showed the lowest number (only 4 genes) of cell-specifically expressed genes (Table 1, Fig. 3 ). The XY supporting cells showed cell-specific expression for 11 genes.
The XX and XY germ cells were the most similar in respect to CAMs expression (or revealed striking similarity in cell adhesion genes expressed higher than other cell lines) with only small sexual difference in the expression of Cdh3 and Sdc4, which was higher in the XY germ cells (Table S1 ). However, there was sexual difference in cell adhesion genes expression between XX stromal and XY interstitial cells (out of 60 highly expressing genes 10 were differentially expressed) (Fig. 3) .
The most striking sexual difference was observed between XX and XY supporting cells (out of 60 highly expressing genes 32 were differentially expressed) (Fig. 3 ). This significant difference between XX and XY supporting cells is a manifestation of the sexual differentiation of this two gonadal cell lines: the formation of solid testis cords in XY gonads versus the absence of such solid cell assemblages in XX gonads.
Additionally, we found that the two somatic cell lines analyzed here, i.e. supporting and interstitial/stromal cells, shared the expression of many common cell adhesion genes. Such a similarity may be the result of common origin of these cells. In contrast, the germ cells, which have distinct origin from somatic cells, shared lower number of expressed cell adhesion genes with the somatic cells (Fig. 3) . Fig. 2 . The immunolocalization of four proteins: protocadherin 18 (Pcdh18), tensin 3 (Tns3), desmoplakin (Dsp), and claudin 12 (Cldn12) in the mouse ovaries (XX) and testes (XY) at 13.8 dpc, reflects the level of mRNA expression (diagrams). The diagrams on the right show levels of these genes expression at 11.0, 12.2 and 13.8 dpc (days post coitum). The expression of the proteins increases in a sex-specific pattern, which agrees with the transcriptome analysis (diagrams).
The level of expression of the majority of cell adhesion genes was stable between 11.0 and 13.8 dpc (Table S1 ). However, the expression of a few genes changed (up-or down-regulation) in this period (Tables 3 and 4 ). The most distinct changes in gene expression pattern were characteristic for XY supporting cells, where also more genes were upregulated. This suggests significant modifications in cell adhesion of XY supporting cells in the time of their differentiation into Sertoli cells and during the formation of the testis cords. Distinct downregulation of several genes and vestigial upregulation of few genes was characteristic for XX supporting cells and XX and XY germ cells. This may suggest a decrease of cell adhesion of XX supporting cells and XX and XY germ cells after 11.0 dpc, i.e. in differentiating ovaries, and in the germ cells after completion of their migration to the genital ridges. Importantly, our analysis identified cell adhesion genes that were specifically expressed in each cell line (Table 5) .
We also identified the expression of representatives of each of 13 groups of cell adhesion molecules and factors regulating cell adhesion in mouse supporting cells, interstitial/stromal cells and germ cells between 11.0 and 13.8 dpc. Below we describe the expression of representative genes from these 13 groups.
Tight junction-related proteins
Analyzing factors involved in tight junctions we detected the expression of 14 genes encoding: 8 claudins, 3 JAMs, and 2 TJP factors (Table  S1 ). Cldn12, Cldnd1, Jam1 and Tjp1, Tjp2 were expressed evenly and at a high level in all three studied cell lines. The Cldn5, Cldn14, Cldn20, Cldn22, Jam3 were expressed evenly and at vestigial level in all three studied cell lines. The high expression of claudins, especially, Cldn6, Cldn11, Cldn12 and Jam2, was characteristic for the XY supporting Fig. 3 . Graphical illustration of numbers of cell adhesion genes expressed in XX and XY supporting, interstitial/stromal and germ cells between 11.0 and 13.8 dpc. Table 1 Cell adhesion genes strongly expressed in XX gonads between 11.0 and 13.8 dpc. (Fig. 2) . The expression of Cldn7 and Cldn20 was initially higher in the germ cells (when they just completed migration to the gonads at 11.0 dpc), which was followed by downregulation of expression (after 11.0 dpc, i.e. after termination of germ cell migration).
Cadherins
There were distinct differences in expression of cadherins in three gonadal cell lines (supporting, interstitial/stromal and germ cells) both in XX and XY gonads. In all these three cell lines only Cdh3 (encoding P-cadherin) and Cdh18 were highly expressed (Tables 1, 2,  and Table S1 ). P-cadherin was highly expressed in XY supporting and XY germ cells. However, Cdh1, encoding E-cadherin, was the only cadherin highly and exclusively expressed in the germ cells. In contrast, Cdh2 (N-cadherin) and Cdh11 (OB-cadherin) expression was characteristic for the two somatic cell lines (supporting and interstitial/stromal); the expression of N-cadherin was higher in supporting cells, and OBcadherin in interstitial/stromal cells. Cdh9 (T1-cadherin) was initially (at 11.0 dpc) expressed in XX and XY supporting cells, but downregulated at later stages. Cdh23 expression initially was low at 11.0 dpc, but from 12.2 dpc was upregulated in XY supporting cells (pre-Sertoli cells). Cdh5 (VE-cadherin), Cdh6 (K-cadherin), Cdh10 (T2-cadherin) and Cdh11 (OB-cadherin) were highly expressed in XX and XY interstitial/stromal cells (Tables 1, 2, and Table S1 ).
Protocadherins
We detected the expression of 20 genes encoding protocadherins. The highest expression of protocadherins was characteristic for somatic (supporting and interstitial/stromal) cells with gradual downregulation in supporting cells and upregulation in interstitial/stromal cells. Protocadherin 18 (Pcdh18) and Pcdh11x and Fat4 had highest expression in both somatic cell lines (Tables 1, 2, and Table S1 ). We proved higher expression of protocadherin 18 in XX gonads (Fig. 2) . Pcdhb17, Pcdhb19, Pcdhb20 and Fat3 expression was higher in the interstitial/ stromal cells. Pcdh9 was the only protocadherin expressed in the germ Table 2 Cell adhesion genes strongly expressed in XY gonads between 11.0 and 13.8 dpc. 
Cadm1 31 11 15 9 14 2 1 TOTAL: 84 Table 3 Cell adhesion genes up-and downregulated in XX gonads between 11.0 and 13.8 dpc.
XX Supporting cells XX Stromal cells XX Germ cells
cells. Fat1 was expressed in both somatic and germ cells. Pcdh1, Pcdh7, Pcdh12, Pcdh17, Pcdh19, Pcdhb3, Pcdhb16, Pcdhb18, Pcdhb21, Pcdhb22, Pcdhga12 were expressed at low level in all three studied cell lines. Protocadherins, similar to cadherins, did not show significant sexual differences in expression pattern and level (Table S1 ).
Unconventional cadherins
Among unconventional cadherins, Clstn1 gene was expressed in all three studied cell lines at high levels. However, Dchs1 gene was expressed only in interstitial/stromal cell line (Table S1 ).
Immunoglobin superfamily CAMs (IgSF CAMs)
IgSF CAMs showed cell line-and sex-specific pattern of expression. Among IgSF CAMs higher expression of Pvrl1 (Nectin 1), Cadm1 (Nectin-like 4) and Cxadr was observed in XY supporting cells. The expression of Ncam1 was characteristic for XX and XY interstitial/stromal cells, whereas Vcam1 and Car13 only for XY interstitial cells (Tables 1, 2,  and Table S1 ). Pecam1 and Car8 were expressed in the germ cells. Pvrl2 (Nectin 2) was expressed in the somatic cells (both supporting and interstitial/stromal). Pvrl3 (Nectin 3) and Cadm1 (Nectin-like 2) were expressed at higher level in all studied cell lines. Icam1, Icam2, Siglec5, Siglecg, Cd83, Car5b, Car11 and Car14 were expressed evenly and at low level in all three cell lines (Tables 1, 2, and Table S1 ).
Catenins and catenin-related factors
The expression of majority of catenins was ubiquitous and did not differ significantly between sex or studied cell lines. We detected only higher expression of Ctnna1 (α-1-catenin), Ctnnal1 (α-catenin like-1) (higher expression in the supporting cells), Ctnnb1 (β-catenin) (higher expression in somatic cells), Ctnnd1 (δ-catenin) (higher expression in somatic cells), and Ctnnbl1 (β-catenin like-1) (in both somatic and germ cells). Ctnna2 (α-2-catenin) and Ctnna3 (α-3-catenin) had higher expression in XY supporting (pre-Sertoli) cells (Table S1 ).
Notch signaling
Among Notch receptors we identified high expression of the Notch2 receptor in XY somatic gonadal cells (XY supporting and XY interstitial cells) (Tables 1, 2, and Table S1 ). Additionally, Notch3 was expressed in the XY interstitial cells. Notch1 and Notch 4 was expressed in all three studied cell types at very low level. Among ligands for Notch receptors, Jag1 was expressed in the XY interstitial cells; however, Jag2 and Dll4 were expressed at low level in all cell lines. Table 5 Cell adhesion genes strongly expressed in gonadal cell lines between 11.0 and 13.8 dpc grouped accordingly to cell junction types. 
Junctions All cell lines Supporting cells Interstitial/stromal cells Germ cells
XX XY XX XY XX XY TJs Cldn12, Cldnd1, Jam1(F11R), Tjp1(ZO1), Tjp2(ZO2) Cldn6 Cldn11 Cldn12 Jam1 Jam2 AJs Cdh3(P), Cdh18, Fat1, Ctnna1, Ctnnal1, Ctnnb1, Ctnnd1 Cdh3 (P) Cdh3 (P) Cdh2 (N) Cdh11 (OB) Pcdh18 Fat4 Fat1 Fat3 IG SF CAM Nectin3 Ncam1 Pcam1 Nectin1 Vcam1 Nectin2 Notch sig. Notch2 Notch2 Notch2 Desmo. Dsp,
Desmosome components
Among transmembrane components of desmosomes we identified the expression of Dsc2 (desmocollin 2) and Dsg2 (desmoglein 2) (Table S1 ). Initially (at 11.0 dpc) Dsc2 was highly expressed in the somatic cells (both XX and XY supporting and interstitial/stromal). Later, it decreased in all cells, and especially in XY interstitial cells where it disappeared at 13.8 dpc. Dsg2 was expressed in supporting and germ cells with a gradual decrease in the germ cells from 11.0 to 13.8 dpc. The expression of Dsp (desmoplakin responsible for desmosome anchoring to intermediate filaments) was detected in all cell types. It was especially strong in the XY supporting cells and initially (at 11.0 dpc) also in the germ cells; the expression in the XY supporting cells increased between 11.0 and 12.2 dpc. It was proved by immunolocalization of the Dsp protein (Fig. 2) . However, in the XX supporting and XX and XY germ cells it decreased after 11.0 dpc. Transmembrane desmocollins and desmogleins are connected with desmoplakin via plakoglobin (Jup) and plakophilins (Pkp). We detected the expression of Jup in somatic (supporting and interstitial/stromal) cells (Tables 1, 2, and Table S1 ). Pkp2 and Pkp4 were expressed in all three studied cell lines with gradual decrease of Pkp2 in somatic cells from 11.0 dpc. Pkp3 was expressed in these cells at very low level. Desmosome-associated pinin (Pnn) was expressed at high level in all three cell lines, with the highest expression in the germ cells (Table S1 ).
Gap junction molecules
Among connexins (components of gap junctions), we detected the expression of Gja1 and Gjc1 in all three studied cell lines (Tables 1, 2,  and Table S1 ). The Gja1 expression was the highest in the supporting cells, lower in the interstitial/stromal cells and the lowest in the germ cells. Conversely, Gjc1 expression was the highest in the germ cells, lower in the interstitial/stromal cells and the lowest in the supporting cells. Additionally, Gjb2 was expressed in the XY supporting and XY interstitial cells, and Gjb3 was highly expressed in the germ cells. Gja4, Gja5, Gjb1, Gjb5 and Gjd3 were expressed at very low level in all studied cell lines (Tables 1, 2, and Table S1 ).
Hemidesmosome components
Two components of hemidesmosomes: dystonin (Dst) and plectin (Plec) were expressed at high level in the supporting cells (pre-Sertoli and pre-follicular cells) (Tables 1, 2, and Table S1 ). This may be related to the fact that supporting cells (which are type of epithelial cells) adhere to the basement membrane, and it is known that the hemidesmosomal cell junctions are responsible for epithelial cells adhesion to extracellular matrix. Additionally, low level of Dst expression was detectable in interstitial/stromal and germ cells.
Focal adhesion molecules
Among the factors involved in focal adhesion we identified a high expression of caveolin 1 (Cav1) in XX supporting cells (pre-follicular cells) (Tables 1, 2, and Table S1 ). Cav1 was also expressed in XX and XY interstitial/stromal cells. Tensin 1 (Tns1) was expressed in XX and XY interstitial/stromal cells; initially also in XY supporting cells, but it decreased later gradually from 11.0 dpc. Tensin 3 (Tns3) was especially highly expressed in XX supporting cells, but also in XY supporting cells and XX and XY interstitial/stromal cells; the lowest level of expression was observed in XX and XY germ cells. Immunolocalization proved higher expression of Tns3 in XX gonads (Fig. 2) . Talin 1 (Tln1) was highly expressed in all somatic cells, lower in germ cells. In contrast, talin 2 (Tln2) was expressed exclusively in the germ cells.
Integrins
We detected the expression of 13 genes encoding subunits of integrins. Itga6, Itgav, Itgb1, Itgb5 were expressed in all studied cell lines at high level, with the highest expression observed in XY supporting (pre-Sertoli) cells, and the lowest in the germ cells (Tables  1, 2, and Table S1 ). Additionally, Itga4 and Itgb8 were expressed in XY supporting and XY interstitial cells, whereas Itga3 only in XY supporting cells, and Itga8 only in XX and XY interstitial/stromal cells. The Itga9 was expressed only in somatic cells, while Itgb3 only in germ cells. Itga1, Itga2, Itga5 showed a vestigial level of expression in all three studied cell lines.
Syndecans
Among genes encoding syndecans we detected the expression of Sdc2 in somatic cells. Sdc4 was expressed in XY supporting cells and XY germ cells (Table S1 ). The expression of Sdc1 and Sdc3 was vestigial in all three studied cell lines.
Discussion
We showed here how three main cell lines in the early gonads differ in the expression of genes encoding cell adhesion molecules. The most important is to understand how these differences can drive the main processes leading to the formation of the testis and ovary. Based on the significant difference in CAM gene expression patterns described here we propose that the cell adhesion processes in XY and XX supporting cells are crucial for sexual differentiation of the gonads. Significant up-regulation of CAM genes in XY supporting cells may indicate necessity for increased cell adhesion during the formation of solid, elongated testis cords. Interestingly, among all three studied cell lines, the XY and XX germ cells appeared the most unified in respect to CAM expression in both sexes. This strongly suggests that cell adhesion of the germ cells does not play active role in the patterning of gonad structure. The results of our analysis also suggest that cell type-and temporaryspecific adhesion to components of extracellular matrix may be important for the establishment of gonadal structure. Our study provides not only information about CAMs expression pattern in developing gonads, but also identifies new molecular markers (Table 5) for supporting, interstitial/stromal and germ cells in developing gonads. This certainly will be useful for further analyses of the role of individual genes in gonad development. Additionally, we reveal genes whose pattern of expression is sex-specific and prove that the gene expression analysis agrees with the immunolocalization of cell adhesion proteins (Fig. 2) .
Our results are consistent with previously published studies. The transcriptome of developing mouse gonads was studied using microarrays by several authors at 11.5, 12.5 and 13.5 dpc (Nef et al., 2005; Beverdam and Koopman, 2006; Jameson et al., 2012) . We decided to study gene expression just before the formation of the testis cords (11.4 dpc), during the initiation of this process (12.2 dpc), and when the cords had been already formed (13.8 dpc). Our analysis provided very similar results to previous studies.
Cell adhesion molecules involved in separation of supporting cells from interstitial/stromal cells
One of the critical events in gonad formation is separation of supporting cells from interstitial/stromal cells (Nel-Themaat et al., 2009 ). These two gonadal compartments emerge as a separate clusters from an initial cluster of mixed cells (Fig. 1A,B) . The germ cells are incorporated into the cluster of supporting cells and become completely enclosed by supporting cells and separated from interstitial/stromal cells. This event is probably driven or facilitated by differential expression of CAMs in these three cell lines. Our study showed that soon before the separation of these two gonadal compartments, the differences between CAMs expression in supporting cells, interstitial/stromal cells and germ cells are already established. The interstitial/stromal cells have the highest number of strongly expressed CAM genes (Fig. 3) . The interstitial/stromal cells and supporting cells express numerous common CAMs. These similarly expressed CAMs are probably a reflection of a common origin of these cells from the coelomic epithelium. Once these two cell type segregate and separate they should express different CAM genes. Indeed, highly expressed genes in XY and XX interstitial/stromal cells include VE-cadherin (Cdh5), K-cadherin (Cdh6), T2-cadherin (Cdh10), protocadherin beta-17 (Pcdhb17), protocadherin beta-19 (Pcdhb19), protocadherin beta-20 (Pcdhb20), FAT atypical cadherin-3 (Fat3), Dachsous cadherin-related-1 (Dchs1), NCAM1 (Ncam1), tensin-1 (Tns1), integrin alpha-8 (Itga8), integrin beta-8 (Itgb8), and additionally, in XY interstitial cells, VCAM1 (Vcam1), CAR13 (Car13), NOTCH3 (Notch3), Jagged-1 (Jag1) (Tables 1 and 2 ). This suggest their role in the processes of cell segregation and separation. Interestingly, the supporting cells have difference in gene expression depending on sex. The XY supporting (pre-Sertoli) cells have high expression of genes encoding claudin-6 (Cldn6), claudin-11 (Cldn11), T1-cadherin (Cdh9), cadherin-23 (Cdh23), α-2-catenin (Ctnna2), α-3-catenin (Ctnna3), nectin-1 (Pvrl1), nectin-like-4 (Cadm4), CXADR (Cxadr), plectin (Plec) and integrin alpha-3 (Itga3) ( Tables 1 and 2 ). The XX supporting (pre-follicular) cells have high expression of T1-cadherin (Cdh9), α-3-catenin (Ctnna3), Siglec G (Siglecg) and plectin (Plec) genes. These genes are probably critical for separation of these two cell lines. We also found specific differences in the expression of genes encoding integrins and syndecans, i.e. CAMs that bind extracellular components, mainly laminins and fibronectin (Barczyk et al., 2010) . The interstitial/stromal cells express four integrins (α8β1, αvβ1, αvβ5, αvβ8) responsible for binding fibronectin, and only one integrin binding to laminins (α6β1). Supporting cells express higher number of integrins binding laminins (α3β1, α6β1), and lower number of integrins binding fibronectin (αvβ1, αvβ5, αvβ8) than interstitial/stromal cells. The XX and XY interstitial/stromal cells and XX supporting cells have high expression of syndecan-2 (Sdc2), however, the XY supporting cells have low expression of syndecan-2 and -4 (Sdc4). It is known that supporting cells deposit both fibronectin and laminin (Hummitzsch et al., 2013) . It is also known that fibronectin is present mainly in the interstitial/stromal region while laminins are deposited by the supporting cells around testis cords, and ovarian germ cell cysts (Hummitzsch et al., 2013) . Thus, interstitial/stromal cells, by expressing specific integrins, may adhere stronger to fibronectin, while supporting cells may show higher adhesion to laminins. This may help to promote and/or maintain the specificity of cell-type assembly.
Expression pattern of cell adhesion molecules suggests which genes are involved in formation of testis cords versus ovarian germ cell cysts
We showed that the CAMs expression pattern in the germ cell line is significantly different than that in the somatic supporting and interstitial/stromal cells. Among numerous cell adhesion genes expressed in all three studied cell lines, the germ and supporting cells share only the expression of desmoglein-2 (Dsg2) in XX and XY gonads, and syndecan-4 (Sdc4) in XY gonads. We did not find significant similarities in the expression of CAM genes between the supporting and germ cells, and thus it is not clear how cell adhesion could mediate germ cell inclusion into testis cords. Further studies are necessary to establish if desmoglein-2 and syndecan-4 are important for proper location of the germ cells in the gonads. As the germ cells expressed integrin and syndecans-coding genes at very low level we believe that the adhesion of germ cells to ECM may be vestigial. Indeed germ cells become completely enclosed by the supporting cells and lose their contact with ECM and basement membrane in the fetal life. Fleming et al. (2012) showed that E-cadherin and N-cadherin are present at the border between the germ and supporting cells, which implied that these two cadherins are responsible for enclosing the germ cells by supporting cells. However, we detected the expression of E-cadherin (Cdh1) only in germ cells, and N-cadherin (Cdh2) only in somatic cells. Further functional studies are needed to explain the role of these cadherins in gonadogenesis.
Besides the low number of CAMs expressed commonly in germ and somatic cells, the germ cells exclusively express a set of CAM genes such as claudin-7 (Cldn7), claudin-20 (Cldn20), E-cadherin (Cdh1), protocadherin-9 (Pcdh9), PECAM-1 (Pecam1) and connexin-31 (Gjb3). Interestingly, the germ cells are already aggregated when they invade the genital ridges. The germ cells aggregation results not only from the presence of intercellular bridges that remain after incomplete clonal division, but also from adhesion of adjacent cells originating from different maternal cells (Mork et al., 2012a) . Further experimental studied are needed to confirm whether the aforementioned CAMs, highly expressed in the germ cells between 11.0 and 13.8 dpc, are important for germ cell adhesion, their aggregation, and formation of testis cords or ovarian germ cell cysts.
4.3. The pattern and level of expression of cell adhesion molecules may explain their role in sexual differentiation of gonads We found that XX and XY supporting cells significantly differ in CAMs expression. First differences between XX and XY gonads appear when XY supporting cells start to assemble, which leads to the formation of solid and elongated testis cords tightly joined by supporting cells, which completely enclose the germ cells around 12.0 dpc (NelThemaat et al., 2009 ). In contrast, in XX gonads, the supporting cells are more loosely arranged around irregular germ cell aggregations. Additionally, in XY gonads the cell proliferation that gives rise to a pool of somatic cells that aggregate (presumably due to increase in cell adhesion) into the testis cords stops after 12.5 dpc. However, in the XX ovaries the proliferation of coelomic epithelium continues after sexual differentiation. Thus the adhesion of somatic cells within developing female gonads is probably much lower than that in testes (Capel, 2000; Mork et al., 2012a Mork et al., , 2012b . It seems probable that diversely regulated cell adhesion in XX and XY supporting cells leads either to the formation of solid, elongated testis cords or loose ovarian germ cells cysts. Indeed, this is consistent with our findings of strong expression of many CAM genes in XY supporting cells (11 strongly and specifically expressed CAM genes) in comparison to XX supporting cells (only 4 CAM genes strongly and specifically expressed). We showed higher signal of immunohistochemistry of desmoplakin (Dsp) and claudin 12 (Cldn12) in XY gonads, and tensin 3 (Tns3) and protocadherin 18 (Pcdh18) in XX gonads (Fig. 2) . Further studies should test a role of these proteins in sexual differentiation of gonads. XY supporting cells had the highest number of strongly upregulated claudins, cadherins and nectins, i.e. components of tight junctions, adherens junctions and desmosomes (Table 5 ). The high upregulation of integrins, especially integrins that bind laminin, a component of basement membrane deposited around testis cords implies that XY supporting cells also adhere strongly to ECM. In contrast, in XX supporting cells a number of specifically upregulated CAMs is very limited, indicating weak adhesion between XX supporting cells in the absence of solid or elongated structures in developing ovaries. In addition there is probably weak adhesion between XX supporting cells and ECM between 11.0 and 13.8 dpc may (the XX supporting cells express much less integrins than XY cells). The basement membrane acts as a tissue scaffold and the adhesion of cells to ECM is crucial for organizing an organ structure (Rozario and DeSimone, 2010) . The expression of many integrins, that bind laminins, in XY supporting cells, may be responsible for the formation of basement membrane along the basal surface of these cells. This may be important for the ability of XY supporting cells to form solid, elongated testis cords and thus for orchestrating sexual differentiation of the gonads. In contrast, in differentiating female gonads where the XX supporting cells express limited number of integrins and there is no solid and distinct basement membrane, the germ cell cysts form small, irregular aggregations, which undergo breakdown into single follicles around birth.
We propose that male and female sex-determining genes expressed in presumptive XX and XY supporting cells (pre-Sertoli or pre-follicular cells, respectively) trigger the expression of strictly defined sets of CAM genes. Thus, divergent expression of CAMs can orchestrate divergent patterning of gonadal structure and differentiation into testes or ovaries.
